Light gradients within leaves are not included in the model of Farquhar, although a steep light gradient does exist within leaves. For a bifacial leaf, the model shows good agreement with measured data, but for an isobilateral leaf the model may underestimate photosynthesis measured by conventional gas exchange. Isobilateral leaves easily developed when plants were grown in growth chambers where some light were reflected from the growth chamber metal base onto the lower surface of the leaves during growth, resulting in adjustment of the photosynthetic capacity inside the leaves. This could also happen in the field when canopy is very sparse and lower surface of leaves was exposed to reflected light from soil surface. Complications occurred when fitting the light response curves of the electron transport rate, due to the interaction between the quantum yield of electron transport (a 2 ) and the curvature factor (Θ). It is suspected that there may be an interaction with the light gradient within the leaf. This manuscript discusses the effect of a light gradient inside a soybean leaf on the estimation of Θ. It is shown in the manuscript how the light curves of the isobilateral leaves (at different degree) responded when measured using conventional gas exchange and how it affected the estimation of Θ and the electron transport capacity, J max . An experiment was conducted to prove the hypothesis that this "out of ordinary" estimate of Θ (and hence J max ) was due to the unmatched distribution of photosynthetic capacity with distribution of absorbed light.
INTRODUCTION
Anatomically, there are two types of leaves, bifacial and isobilateral. Bifacial leaves have different adaxial and abaxial surfaces (i.e. top and bottom), while in isobilateral leaves these differences do not exist (Kirschbaum 1986 ). These differences are due to the way the leaves receive irradiance. Bifacial leaves, which are usually planophile (perpendicular to the stem), receive most light from the adaxial surface while isobilateral leaves receive light from both sides. The distribution of Rubisco and electron transport components within these two types of leaves are different. Besides these biochemical differences, Lloyd et al. (1992) and Syvertsen et al. (1995) found that the mesophyll of leaves exposed to different light intensities also changes, and so it might be that these two types of leaves differ anatomically as well.
The optimal distribution of the photosynthetic machinery (Rubisco activity and electron transport) would follow the gradient of irradiance in a theoretical bifacial leaf, receiving irradiance from one direction, as shown mathematically by Farquhar (1989) , while in isobilateral leaves a bimodal distribution would be expected as light comes from both sides of the leaves (Kirschbaum 1986 ). Any functional isobilaterality will affect the interpretation of the gas exchange data as gas exchange measurement normally was done with irradiance given to the upper side of the leaf (adaxial surface) only.
Light gradients in the leaves were not included in the model of Farquhar et al. (l980) , although a steep light gradient does exist within leaves (Terashima & Saeki l983; Vogelmann & Björn l984) . For a bifacial leaf, even without the consideration of the light gradient within the leaves, the model shows good agreement with measured data (Harley et al. l985; June 2002) , presumably for the reason noted above. However, for isobilateral leaves the model may not give a good representation of the relationship between capacities (e.g., Rubisco and electron transport) and actual photosynthesis rate as function of irradiance, in a conventional gas exchange system.
MATERIALS AND METHODS

Plant Materials
Indeterminate soybean (Glycine max [L.] Merr.) were grown in 12 liter plastic pots containing sand and vermiculate mixture (1:1, v/v). Plants were exposed to a controlled environment in a growth chamber where relative humidity was kept constant at 60/70 % day/night and three temperatures: 20/15, 25/20 and 32/27 day/night o C with [CO 2 ] of 350 μmol mol -1 .
Models of leaf photosynthesis
Leaf photosynthesis can be described by the equations developed by Farquhar et al. (l980) and Farquhar & von Caemmerer (1982) . The rate of photosynthesis is controlled by Rubisco (RuBP carboxylase-oxygenase), the rate of regeneration of RuBP, and the relative partial pressures of CO 2 (c i ) and O 2 at the site of CO 2 fixation. Under a given set of environmental conditions, the net CO 2 assimilation rate, A, is taken as being either the Rubisco-limited rate, A v , or the predicted RuBPregeneration limited rate of photosynthesis, A j , whichever is the lower at a particular c i . (This holds for ci > Γ*, the CO 2 compensation partial pressure in the absence of dark respiration.) A has units of μmol m -2 s -1 .
where c i = partial pressure of CO 2 in the leaf (μbar); Γ* = CO 2 compensation partial pressure in the absence of dark respiration (μbar); R d = dark respiration by the leaf which continues in the light (μmol m -2 s -1 ); O = ambient partial pressure of oxygen (mbar); K c and K o are Michaelis-Menten constants for carboxylation and oxygenation by Rubisco (μbar and mbar, respectively); V cmax is the maximum rate of Rubisco activity in the leaf (μmol m -2 s -1 ); and J is the actual electron transport rate (μmol m -2 s -1 ). The temperature dependence of K c and K o follows the Arrhenius unction: f 
where J max is the maximum light-saturated rate of electron transport of the leaf (μmol m -2 s -1 ), Θ is the curvature factor of the light response curve that varies from 0 (rectangular hyperbola) to 1 (two straight lines quasi Blackman), a 2 is the quantum yield (in terms of incident PAR) of electron transport at low light and I is the light intensity (μmol m -2 s -1 ) incident on the leaf.
RESULTS AND DISCUSSIONS
Example of light response curves
From the measurement of the light response curves, where the incident light ranged from 0 to 1650 μmol m -2 s -1 , R d was determined by extrapolation of a linear regression at the lower end of the response curve (at I = 0 -150 μmol m -2 s -1 ). Using this interpolated R d along with Γ* corrected for each temperature using Equation (6), J was calculated from Eq. (1) and then J max , θ and a 2 were estimated by fitting the Jirradiance curve with Equation (7). Figure 1 shows example of the light response curves of the electron transport rate for plants grown at [CO 2 ] of 350 μmol mol -1 and air temperatures of 32/27 o C and 20/15 o C (day/night) and measured at the gas exchange at three different temperatures. The electron transport rate was calculated using Eq. (1). 
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The negative curvature factor (Θ) and its effect on the estimation of J max When these soybean plants were grown in the growth chambers, about 11 % of the incident light was reflected from the metal base of the chamber onto the lower surface of the leaf, resulting in a changed distribution of light and hence, presumably, of photosynthetic capacity inside the leaf. In other words it became partially isobilateral. When the light response curve of this leaf was measured by gas exchange, with light reaching only the upper surface of the leaf, the upper and lower surfaces of the leaf will have saturated at different "times", i.e. at different irradiances on the adaxial surface. This means that chloroplasts near the abaxial surface continue to increase in irradiance at levels where the adaxial chloroplasts are light saturated. This continuous response at high irradiance will result in a very low fitted curvature factor, Θ, as shown in the following parts.
The value of rate of bending, Θ, tended to be 1 (Leverenz 1987; Oya & Laisk 1976) as the distribution of light given during the gas exchange measurement was made more nearly proportional to the distribution of the photosynthetic capacity (developed during growth). The soybean data showed that when gas exchange measurement with the light source aimed at the top part of the leaf was done, the value of Θ was -1.86 at 15 o C, 0.6 at 35 o C and then decreased to -0.39 at 40 o C (June 2002) . I hypothesise that the very low value of Θ was due to the proportion of light given to each surface of the leaf during measurement not being similar to what the leaf received during growth. If some levels of light reached the lower leaf surface during gas exchange measurements, then this low value of Θ should increase as was suggested by Oya & Laisk (1976) , Leverenz (1987) and Farquhar (l989) .
Fitted Parameters (J max , Θ, a 2 )
The fitted parameters as functions of the growth and measurement temperatures are listed in Table 1 (a 2 and Θ fitted freely) and Table 2 (a 2 constrained) using Eq. (7) with J from Eq. (1) and g w = ∞, and varying the fitting procedure as described below. The fitted parameters a 2 , J max and Θ in Table 1 resulted from the fitting procedure where all the parameters vary freely. The estimation of Θ (curvature factor) was very low, reaching -4.85 for plants grown at 32/27 o C when measured at 15 o C. A negative value of Θ has never been observed before, as the normal values range from 0 to 1 (Farquhar & Wong 1984) . The estimation of J max becomes unrealistically high if Θ is very low. In this case, it reached 407 μmol m -2 s -1 at 15 o C, which is 85 % higher than the J max value at 25 o C and 17 % higher than J max at 35 o C; this is implausible as J max is expected to increase with temperature from 15 to 35 o C, as with other growth conditions in Table 1 . Table 1 . List of model parameters with + s.e, for each measurement at 3-leaf temperatures and a CO 2 concentration of 700 μmol mol -1 . Fitting of the light response curve was done using Eq. (7) by letting all the parameters fit freely and assuming g w = ∞.
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Parameters of light response curve, measured at 700 μmol mol Leverenz (l988) discussed the strong correlation between the estimate of a 2 and that of Θ, which in some cases results in an unrealistically low estimate of a 2 and an unusually high estimate of Θ. Based on Table 1 , there is no definite trend in a 2 with increasing temperature, although there is a tendency for the value to be lower at 15 o C than at 35 o C as shown by 60 % of the data. The parameter a 2 (quantum yield of electron transport) has a theoretical maximum of 0.5 in red light (due to two photosystems) and 0.375 in white light. In practice, these values are usually lower (for example, by 15%, Kirschbaum & Farquhar l987) .
Several studies have shown that the quantum yield of CO 2 assimilation decreases as temperature increases between 15 and 35 o C (when measured at ambient [CO 2 ]). For example, Ehleringer & Björkman (1977) , with Encelia california; Ku & Edwards (1978) with Triticum aestivum; Ehleringer & Pearcy (1983) with Avena sativa; Osborne & Garrett (1983) with Lolium perenne; Leverenz & Oquist (1987) with Pinus sylvestris. These yields are complicated by the increasing proportion of light energy used for photorespiration at higher temperatures. There are few temperature studies that have eliminated the effects of RuBP oxygenation by either working at low [O 2 ], high [CO 2 ], or by correcting the measurements using light given both from the top and bottom surfaces of the leaves. o C. There may be some difficulties in comparing these values with ours as they used a different equation from Eq. 3.7 that had no independent cuvature term. Wang et al. (1996) , working with Scots pine, found that a 2 increased from 0.18 at 6 o C to 0.30 at 21 o C and decreased to 0.23 by 32 o C. There are no consistent differences in a 2 observed between the growth treatments in this experiment. Osborne & Garrett (1983) and Leverenz & Oquist (1987) showed evidence that low temperature stress and frost hardening may change membrane properties and result in lower a 2 . According to Wilkins et al. (l994) , the difference in the values of a 2 between growth treatments could reflect changes in the structure of the needle tissue, the chlorophyll content and the structure of the thylakoid membrane.
With all parameters fitted freely in Table 1 , there was only a slight tendency for a 2 to increase with short-term temperature variation from 0.24 ± 0.06 at 15 o C, to 0.25 ± 0.02 at 20 o C and 0.27 ± 0.02 at 35 o C. The mean value is 0.26 ± 0.04. This value is slightly higher than the mean value (0.23) across all temperatures found by Harley et al. (1985) for soybean, and slightly less than that, 0.28, found by Kirschbaum & Farquhar (1987) in Eucalyptus pauciflora, at 25 o C, when allowance is made for an absorptance of 0.9. It is identical to the value found by Ehleringer & Björkman (1977) for quantum yield in white light as a mean of seven species. In 2 % [O 2 ] they obtained a quantum yield of CO 2 assimilation 0.0733. Multiplying by 4ē/CO 2 and by an assumed absorptance of 0.9 yields a 2 = 0.26. Other data on quantum yield in white light and low [O 2 ] of CO 2 assimilation of sets of C 3 species summarised by Evans (1987) To reduce the effect of "noise" in a 2 on the estimates of Θ, a second set of fitting procedures was used holding a 2 constant at 0.26. The resulting fitted parameters Θ and J max are shown in Table 2 . With a 2 held constant, the effect of temperature on Θ becomes more consistent. Θ increases with temperature in all cases and so does the estimate of J max , except for the data coming from plants grown at 32/27 o C, 700 μmol mol -1 [CO 2 ], where J max is still very high at 15 o C associated with a probably due to the very low fitted value of Θ.
In most cases the value of Θ was still very low, and negative in almost half of the cases. A total of 67 % of the data set shows a Θ value lower than the commonly accepted value of 0.7 (Farquhar & Wong 1984 , Evans & Terashima l988, Evans & Farquhar 1991 . However, apart from my data there is supporting evidence that the best fit of Θ can be lower than 0.7, as shown by Wang et al. (1996) who found that Θ ranges from 0.32 to 0.66 for Scots pine grown and measured at different conditions. However, in contrast to the results obtained in this worl, they found that Θ decreased with increasing temperature across the whole range examined.
Smaller values of Θ are observed when the light response curves are measured using light given solely from the abaxial rather than the normal adaxial surface (Oya & Laisk 1976; Terashima & Saeki 1985; Terashima 1986 ). Leverenz (1988) found that Θ values increased as the leaf acclimated to the light environment inside an integrating sphere (measurement was done at ambient CO 2 concentration).
The values of J max were obtained from fitting the light response measurements at temperatures of 15, 25 and 35 o C and for plants with different growth conditions using Eqs. (1), (2), (7) and (8).
What is the meaning of a negative value of Θ? What does the fitted curve look like with a negative Θ?
To answer these questions, potential electron transport rate, J, was calculated for values of Θ ranging from 1 to -9, with I 2 ranging from 0 to 4000 μmol m -2 s -1 for each Θ, as shown in Figure 2 . It can be seen that for curves with a negative value of Θ, the electron transport rate, J, does not saturate (i.e. level off) even at I 2 = 4000 μmol m -2 s -1 .
Figure 2. The effect of changing the curvature factor (Θ) on the response curve of electron transport at (a) low and (b) high J max. Curves were generated using Eq. (7).
The value of I 2 where J starts to saturate will determine the fitted value of Θ, as shown in Figure 3 . As saturation starts earlier (at lower I 2 ), Θ will become higher. For example, when saturation started at I 2 = 200 μmol m -2 s -1 , the estimated Θ was 0.999, while when saturation started at I 2 = 1000 μmol m -2 s -1 , Θ was 0.77. It can be argued that the light response curves which were measured here at I up to 1650 μmol m -2 s -1 in soybean leaves did not reach saturation, in particular at 15 o C, and hence the estimation of Θ was too low. As an example, when the J value from the Θ = 0 curve at I 2 = 4000 μmol m -2 s -1 in Fig. 2 (b) was increased by only 4.6 % and then refitted using Eq. (7) to find Θ again, the value of Θ dropped from 0 to -0.36 (see top two curves in Fig. 3) .
One interpretation of the above results is that as light becomes more available (higher I), more light will be distributed to the bottom part of the leaf where photosynthetic capacity is probably increasing. This may be due to the leaf receiving μ some light from the lower metal base of the growth chamber and adjusting its photosynthetic capacity accordingly. This will increase J and, therefore, decrease the value of Θ. When the value of Θ becomes too small (negative), significant overestimation of J max using Eq . (7) 
heoretical Simulation
In the following part I will explain the mechanisms of the negative Θ by means f si e generated initially with Θ = 0 as in Figure 2 T o mulation. In the simulation, the leaf is divided into 10 layers. Division of layers is based on equal amounts of chlorophyll in each layer. The contribution of each layer to the leaf CO 2 assimilation rate is determined by the amount of light absorbed and the photosynthetic capacity. The photosynthetic capacity is given by J max . According to Kirschbaum (l986) , who applied a modified Kubelka-Munk theory, the pattern of space irradiance within the leaf can be approximated by an exponential curve: 
here r o is reflection at the air-to-leaf interface, r u and r l are internal reflectivities at layer, I, will be aI o exp(-ic 2 ) / Σ =1 w the upper and lower leaf-to-air interfaces, and R and T are total reflectance and transmissivity. Values for r u , r o and r l (0.37, 0.037 and 0.37 respectively) are given by Jenkins & White (l957) , for a refractive index of 1.48 from calculations based on the theory of geometrical optics. Using Equations (9) and (10) 
and ther J ∝ J max(i) ∝ I ai (Farquhar 1989) . In this case, the shape (Θ) of the total
efore i J would be the same as the shape for an individual layer, J i . This is true in the ideal case for bifacial leaves as shown in Figure 4 . For a completely isobilateral leaf with, over a period of time such as a day, light reaching the leaf from both sides equally, the time-average of light in each layer would be as shown in Figure 5 . The average light in these leaves determines the distribution of J max(i) , where 
In the case of soybean leaves, where they are not completely isobilateral (50 % light absorbed from the upper surface and 50 % from the lower surface), Eq. (14) should be modified as follows:
where a is the proportion of light reaching the upper surface and b (=1-a) is the proportion of light reaching the lower surface of the leaves. The light absorbed effectively by the Photosystem II at each layer would again be 0.5 (1-f) times the total light absorbed in the layer and J i would still follow Eq. (11).
For a leaf which has already adjusted its photosynthetic capacities (J max ) to its light growing condition (as given by the values of a and b in E q. (15)), the light respo by the values of a and b but whic able 3. Fitted parameters of simulated data generated with J max = 50 and 250 μmol m -2 s -1 , a 2 = 0.3 and Θ = 0.7, then these parameters were fitted freely using Eq. (11). χ 2 shows the goodness of the max 2 nse curve of each layer will have a different shape compared to the total when light comes from only one side. The curvature factor, Θ, decreases as the proportion of J max distributed to the lower part of the leaf, b, increases. This happens because the [b exp(-c 2 (11-i))] term in Eq. (11) gets bigger and results in increasing that part of the curve at high I 0 , and hence Θ becomes smaller. Table 3 shows the simulation results for a theoretical leaf which has a distribution of its photosynthetic capacity as shown h is given light reaching only the upper surface. As the proportion of light on the top surface of the leaf during growth (a) deviates more from the measurement condition (a = 1), the curvature factor becomes smaller. This is consistent with the hypothesis that a low value of Θ indicates a mis-match of light distribution during measurement with that experienced during growth. The light resp rv the ph nthet stem has b pot sed to e in the form of a quasi-Blackman response, where the curvature factor should appr onse cu e of otosy ic sy een hy hesi b oach 1.0 (Leverenz 1987; Leverenz l988; Oya & Laisk l976; Terashima & Saeki l985) . Therefore, I further simulated the J vs light response curve using a curvature factor equal to 1.0, and the result is shown Table 4 . Table 4 shows that at low J max the biggest change in the light parameters as the proportion of light coming from the upper and the lower surfaces changes are in Θ and a 2 , not in J max . J max increases by 5.4 % (at low J max ) when light coming from the lower surface increases from 0 to 50 %. When J max is high, both Θ and J max change as the light from the lower surface increases. J max decreases by 18 % (at high J max ) when light from the lower surface increases by 50 %. A most interesting feature is that the reduction in the apparent value of Θ is greatest at low J max , and this may explain why Θ was so low at 15 o C in data shown in Table 1 .
Methodology to Validate the hypothesis
In order to test the theory discussed above, another set of soybean plants were grown in a growth chamber at 25 o C and [CO 2 ] of 350 μmolmol -1 . The leaves grew with either a black or a reflective surface underneath them during their growing period. The black surface only allowed up to 1.6 % of the incident light (which is reflected from the metal base of the growth chamber) to reach the lower surface of the leaf while the reflective one allowed up to 48 %. Some plants were left untreated as control plants. The control plants received 10.9 % of the incident light on the lower surface of its leaves. These three treatments enabled different light gradients inside the leaf to be compared. Leaves from each treatment were then measured by gas exchange, with light reaching only the upper surface and with light reaching both the upper and lower surfaces of the leaf.
Light response curves of the CO 2 assimilation rate with total light intensity from around 50 μmol m -2 s -1 to around 1500 μmol m -2 s -1 were measured with the following conditions:
1. At 25 o C, the light response curve for one leaf from each of the three conditions (black, control and reflective surface) was measured with 100 % of the light incident on the upper surface. Three replications were done on a single leaf for each growth condition. The data obtained from these measurements were then fitted using Eq. (11) to obtain estimations of J max and a 2 for each growth treatment.
2. The same leaves measured as in point 1 were then measured again by giving an optimum percentage of light to the lower surface at 25 o C (two replications were done for each growth condition). This optimum percentage was obtained by increasing the proportion of light given to the lower surface of the leaf stepwise until a maximum CO 2 assimilation rate and a further decrease with increasing proportion of light were observed. The percentage of light given where this maximum assimilation rate occurred was then used to measure the light response curve. The light intensity used to obtain this optimum percentage was I 2 = J max , where the maximum bending of the J vs light response curve occurred. J max was estimated using Eq. (11) with the data set from the earlier measurements in point 1 above. As I 2 = I 0 a 2 , the light intensity used was I 0 = J max /a 2 .
Light response curves at 15 and 35
o C were then measured using the optimum proportion of light given to each side of the leaves as obtained in point 2 (at 25 o C).
The results show that the distribution of incident light needed for maximum photosynthesis follows closely the condition the plant experienced in the growth chamber. The leaf grown with the black surface underneath, which received the least light at the lower leaf surface in the growth chamber, needed only 7.6 + 3.0 % of the total light on the lower surface during the gas exchange measurement to reach its maximum value of CO 2 assimilation rate. The leaf grown with the reflective surface underneath, which had the highest proportion of light received at the lower leaf surface in the growth chamber, needed 40.0 + 10.0 % of the light intensity reaching the lower leaf surface during the measurement to reach its maximum value and the control leaves needs 23.0 + 2.1 %.
Directing an optimal percentage of the incident light to the lower surface of the leaf during a gas exchange measurement not only increases photosynthesis compared to when light is given to the upper leaf surface only, but it also changes the curvature factor (Θ) of the light response curve (Table 5, Figure 6 ). When light was given only to the upper surface of the leaf, Θ of the reflective leaf was lower than Θ of the black leaf with the control leaf value in the middle. When measurements were conducted with light given optimally to both sides of the leaf, Θ increased for all leaves and the value did not differ significantly between growth treatments. The magnitude of this change in Θ, from measurement with upper light only to measurement with upper and lower light, becomes larger as the differences in light distribution between growth and measurement conditions become smaller. Hence the change in Θ with incident light distribution is greater for the reflective leaf than for the black leaf. Figure 6 shows one example of the J vs light response curves from gas exchange measurements with light reaching the upper side only and with light given to both surfaces of the leaf, for each leaf treatment (note the change in the curvature factor). 
CONCLUSIONS
As found and discussed earlier, Θ is partly an artefact of the distribution of light intensity in relation to the distribution of photosynthetic capacity, where Θ will reach 1 if the two distributions match.
During gas exchange measurements, if the proportion of light incident on the upper and lower surfaces of the leaf is similar to the light condition experienced by the leaf during its growing period, then the curvature factor (Θ) of the light response curve moves closer to 1, confirming the work by Leverenz (1988) , although the value of 0.7 has been commonly used in fitting the light response curve as first suggested by Farquhar & Wong (1984) and Evans & Terashima (1987) and used by Farquhar & Evans (1991) .
As the proportion of light given to both sides of the leaf deviates further from the leaf's growing condition, the apparent whole leaf curvature factor becomes lower. In the case of a bifacial leaf measured with light only given to the upper surface, the upper and lower parts of the leaf would reach saturation at different light intensities causing the light response curve to bend more slowly and resulting in a lower value of the curvature factor.
This finding has to be taken into consideration when modelling the effect of light on canopy photosynthesis. For example, when using the sun-shade model (de Pury & Farquhar l997), the curvature factors for the sun and the shade parts of the canopy would change during the time course of the day. Estimation of J max depends on the curvature factor value, and hence it is important to have a degree of certainty in this value.
This experiment and associated modelling reveal the effect of a differential distribution of photosynthetic capacity throughout a leaf from the distribution of irradiance. The same concepts apply at the canopy level, which the sun-shade model addresses to an extent.
